Abstract Sensory data have always been used by concerned citizens to evaluate environmental variables within volunteer monitoring initiatives. The work presented in this paper intends to explore the possibility of using human sensory data as a source of information to monitor environmental quality variables within a public participation context. A case study that uses untrained citizens to monitor chlorine flavour of tap water is presented. Two collaborative monitoring tests were developed: (1) the one-sample one-trial test and (2) the Chlorine@Home test. The tests intended to address the participatory context required by collaborative monitoring initiatives. The development of the collaborative tests was supported by two tests that were designed for a laboratory context and explored sensory methodologies. The sensory tests implemented were: (1) the paired comparison test, (2) the forced-choice triangle test (ASTM Method E679-04). The collaborative experiments showed that the ability to detect chlorine flavours on a participatory context was independent on chlorine concentrations. The use of sensors by citizens may be a way to increase the credibility of the information. Nevertheless, this case study suggested that more research should be carried out to explore ways to involve citizens while increasing data reliability.
Introduction
Public participation in environmental monitoring is a way to track and respond to issues of community concern through collaboration among citizens, government agencies, industry and academia. Although volunteer monitoring initiatives have increased worldwide (Whitelaw et al., 2003 ) the use of data collected by concerned citizens is still limited. Data credibility and non-comparability of the results are the major drawbacks (Gouveia et al., 2004) .
The information collected within volunteer monitoring initiatives includes human sensory data (Gouveia et al., 2004) . For example, within the field of drinking water, sensory data together with other aesthetic parameters (colour, turbidity) are virtually the only basis by which consumers judge the safety of tap water (McGuire, 1995) . Although the presence or absence of a taste or an odour in drinking water cannot be correlated with its potential toxicity (Koster et al., 1981; Young et al., 1996) , it may indicate water quality problems.
The work presented in this paper intends to explore human sensory data as a source of information within volunteer monitoring initiatives. The use of human senses to monitor environmental quality variables in a participatory context requires methodologies for data collection that may be different from the ones developed within sensory analysis, which uses techniques and methodologies designed for a laboratory context.
A case study where untrained citizens monitor chlorine flavour of tap water is presented in this paper. The case study has been developed within the framework of the Senses@Watch project (Senses@Watch Project, 2002) and involves two approaches ( Figure 1 ): (1) the use of sensory analysis methodologies to determine sensitivity limits of non-trained citizens to chlorinous flavour and (2) the development of experiments that intend to simulate as close as possible the participatory context involved within collaborative monitoring. Although in Portugal there are no published data on public complaints about the presence of chlorinous flavour in tap water, water suppliers and consumer organisations refer to them as a major source of consumer dissatisfaction.
The use of non-trained citizens to evaluate drinking water quality using sensory methodologies can be found in the work of Koster et al. (1981) , Levallois et al. (1999) , Piriou et al. (2004) and Mackey et al. (2004) . However, most of these studies focus on evaluating consumers' satisfaction and water acceptability and not on involving citizens within environmental monitoring.
Materials and methods

Characteristics of the sampled population
The subjects of the tests belonged to the Faculty of Sciences and Technology of the New University of Lisbon (FCT/UNL) community and included students, staff and faculty. Subjects were recruited on a voluntary basis, except in the test involving the use of colorimetric kits at home where subjects were students of environmental engineering and their participation was a course assignment. Subject's age ranged from 15 to 52 and they did not receive any specific training. Both men and women were represented approximately equally.
Preparation of chlorine solutions
The water used in all tests, except in the test involving the use of colorimetric kits at home, was collected at FCT/UNL from a laboratory tap. The FCT/UNL is located at the end of the municipal water distribution system. The preparation of chlorine solutions involved the following steps: † Prepare a chlorine stock solution by diluting the hypochlorite in distilled water. † Collect water from the tap. De-chlorinate the water through the use of sodium thiosulphate according to the procedure established by the European Standard -EN 1622, 1997 Water Analysis: Determination of the Threshold Odour Number (TON) and Threshold Flavour (TFN). † Dilute the stock solution in the chlorine-free tap water to yield the desired experimental free chlorine residuals. † Conduct the flavour tests for each desired experimental free chlorine residual. Figure 1 Tests involved in the case study presented in this paper
The major goal of these experiments was to inform the development of collaborative monitoring experiments. Different concentrations of chlorine were used to understand the behaviour of untrained citizens. Two types of experiments were performed: † A paired comparison test adapted from the methodology presented by Young et al. (1996) . † A forced-choice triangle test following the ASTM Method E679-04 (ASTM, 2004) .
Paired comparison test.
A series of five chlorine concentrations were tested (Table 1) by 92 subjects. The levels of chlorine tested were selected considering that the most frequent concentration levels should be around 0.2 mg/L due to the disinfection practices recommended by law in Portugal.
Forced-choice triangle test (ASTM Method E679-04). In the forced-choice triangle test, a series of eight concentrations were tested ( Table 2 ) by each of 30 subjects. The sensitivity limit to chlorine for each subject was determined according to the procedure defined by the ASTM Method E679-04 (ASTM, 2004) .
Collaborative monitoring experiments
The objective of these experiments was to understand if sensory data collected by citizens could be related to quantitative measurements of tap water chlorine levels. These experiments intended to explore methodologies to involve citizens in monitoring variables such as chlorine flavours. Two experiments were performed: † One-sample one-trial test; † Home testing using colorimetric kits (Chlorine@Home).
One-sample one-trial test. In the one-sample one-trial test, a series of five concentrations were tested (Table 3) . A single glass of water was presented to each subject, who was asked if the water tasted for chlorine or not. The number of attempts for each subject was limited to two for each glass. If the presence of chlorine was identified, the subject was asked to qualify the chlorine flavour intensity using a three level scale. This test involved 500 individuals. Each concentration was evaluated by 100 subjects. Each individual tested just one chlorine concentration.
Home testing using colorimetric test kits (Chlorine@Home). This experiment involved 98 individuals, who were asked to evaluate if tap water, at their homes, contained chlorine flavors. The Chlorine@Home test included a sensory evaluation of the water and the use of a colorimetric kit to measure chlorine concentrations. The observations were made at the subject's home and involved different water distribution systems. All the distribution systems tested used chlorine for disinfection practices. The materials provided to each participant were the following: † One glass containing a level mark; † 5 DPD1 and 5 Phenol Red tablets to measure free chlorine residuals and pH; † Two color scales: a 10 class scale for chlorine and a 7 class scale for pH, which were copied from a commercially available colorimetric test kit for chlorine and pH; † One questionnaire containing two sections: one for the measurements made and another asking personal data including the individual's attitude towards tap water. The procedure, performed once a day during five consecutive days, involved the following steps: 1. Open the tap and let the water flush for 30 s. Drink water from the tap and evaluate its flavour and the presence of chlorine. If chlorine has been identified, the subject was asked to qualify its intensity using a 5 level scale. 2. Fill the glass up to the existing mark and visually evaluate the water colour and turbidity. 3. Dissolve one DPD1 tablet and compare the resulting water colour with the DPD1 scale. 4. Rinse the glass carefully with tap water and fill it again up to the same level. 5. Dissolve one phenol red tablet and compare the resulting colour with the corresponding scale. The two page description of the experimental procedure was the only training previously received by subjects. The design of the experiment sacrificed data validation (for example, no alternative chlorine and pH measurements were made) in an attempt to model the real-world situation to as realistic a degree as could be achieved within the constraints of the project.
Results and discussion
Citizens as sensors of chlorine flavour
The major goal for using the sensory methodologies was to observe the trend of an untrained population considering the ability to detect chlorine flavour. According to Young et al. (1996) the sensitivity limit for an individual is found when the subject answers correctly to the three pairs presented for a given concentration (Table 1 ) and is able to identify correctly the sample containing chlorine for the following concentration. The proportions of subjects that detect the presence of chlorine flavour are very low for all the concentrations tested (27% of subjects). One of the possible causes may be that the disinfection practices in place frequently produce concentration levels above 0.2 mg/L. According to the literature (Meilgaard et al., 1999) , paired comparison tests are appropriate when subjects have no previous training on sensory analysis, which is the case of the sampled population. Nevertheless, the procedure adopted, following the method described by Young et al. (1996) , was considered confusing by the participants, who complained from saturation and were not sure about their answers. Additionally, an analysis of the chlorine levels found in the water distribution system indicated that the disinfection practices produce levels frequently above 0.2 mg/L. These limitations suggested the need to use a different method and different concentration ranges. As a result, the forced-choice triangle test (ASTM Method E679-04) was selected and implemented.
The results of the forced-choice triangle test show that the individual's sensitivity to chlorine flavour ranges from concentrations of 0.09 to 2.33 mg/L. On average, the sensitivity limit from a sample of 28 individuals is 0.71 mg/L. This value corresponds to the geometric mean of an individual's sensitivity limit, as defined by the ASTM Method E679-04. The average sensitivity limit found is close to the one referred by Mackey et al. (2004) for US untrained subjects (0.8 mg/L Cl 2 ).
Monitoring chlorine flavours through citizens collaboration
In a public participation context, each citizen is not asked to drink different samples of water with different concentrations of chlorine. The one-sample one-trial test is, therefore, an attempt to understand if, in a situation closer to a participation context (when a citizen drinks a glass of tap water), citizens are able to provide reliable information about the presence or absence of chlorine flavour. The results of the one-sample one-trial test show (Table 3 ) that the proportion of subjects that correctly detect the presence of chlorine in tap water is almost constant. The Binomial test applied to the detections and nondetections associated with each concentration, indicate that the observed proportions may be considered significantly different, at a 95% confidence level, for all concentrations tested below 0.5 mg/L.
The one-sample one-trial test involved the evaluation of a solution with 0 mg/L of chlorine, which does not happen in the other tests performed. It is interesting to verify that when the solution has no chlorine, 34% of the sampled population fails to recognise the absence of chlorine flavour. The Chi-Square test proved that the ability of subjects to detect correctly chlorine flavour in tap water did not depend on the chlorine concentration presented in the sample (sig. ¼ 0.187).
No significant relationship was found between a citizen's ability for detecting chlorine flavour and their habits in terms of drinking water source (tap water or other). Likewise, no significant relationship was found between smoking habits and a citizen's ability for detecting chlorine flavour.
The subjectivity involved in recognising chlorine flavour in one trial gives a weak reliability to the experimental design of the one-sample one-trial test. Nevertheless, such subjectivity is implied when citizens evaluate the taste of tap water and refer to the presence of chlorine flavour. To increase the reliability of citizen information, an alternative experimental design should be developed, namely one that explores the use of sensors by citizens.
Within the Chlorine@Home test, each subject was asked to evaluate if the tap water contained chlorine flavour and to measure water chlorine and pH. A correct answer, in this experiment, occurs when the flavour perceived by the subject is according to the chlorine concentration measured by the subject. For example, an answer is considered to be correct if the subject considers that the water has chlorine and the concentration measured is equal to or higher than 0.2 mg/L. On the other hand, if the subject considers that the water has no chlorine flavours but the measurement made with the DPD1 tablet is higher than 0.2 mg/L, the answer is considered to be false.
In this experiment, 98 individuals participated doing one measurement during five days, which yielded a total of 495 observations. Eighty percent of the observations (396 observations) were considered correct. However, if analysed by concentration, the proportion of correct answers is around 45% for values higher than 0.2 mg/L (Table 4) . The major number of observations presents values of measured chlorine of #0.2 mg/L. This reflects the disinfection practices that aim at concentration values of 0.2 mg/L. The results of this experiment suggested that water disinfection practices may also affect the ability of citizens to answer correctly, as already stated by Mackey et al. (2004) . However, these results should consider that the method used to measure chlorine residuals has poor precision. For example, although the provided scale indicates values of chlorine concentration, it more truly reflects concentration intervals.
The experimental procedure of the Chlorine@Home test is responsible for the introduction of several sources of bias: † The concentrations sampled by each individual are not controlled, which may cause an unpredictable number of observations for each concentration. † The measurements have poor precision: the use of visual scales and the material (glasses and scales) was not calibrated. † Subjects performed chlorine and pH measurements implying that only the first observation for each subject was not influenced by the results of the measurements made. This process should not be considered training, as subjects were not informed of the meaning of the results. † The experiment was part of a student course assignment, which may be a major cause of bias. Despite the limitations above mentioned, this experiment evaluated citizens' responses in a context closer to their usual way of drinking water. Additionally, it explored the use of alternative measurements such as colorimetric kits. If the experiment was more controlled, namely if subjects were able to test a more wider range of concentrations distributed more equally, it could provide more insight on the value of using sensors to increase the reliability of citizens' answers.
Conclusions
Two groups of tests were performed: (1) tests based on sensory analysis methodologies and (2) collaborative monitoring methodologies. The first type of methodologies (the paired comparison test and the ASTM Method E679-04) do not address the specificities of a public participation context. The major goal to implement such tests was to inform the design of collaborative monitoring methodologies. The collaborative monitoring methodologies developed were an attempt to balance the need for reliable results based on sensory analysis methodologies and the requirements of public participation context. Two tests were developed: (1) The one-sample one-test; and (2) The Chlorine@Home test. These tests assume that, in a participatory context, citizens do not taste different samples of water.
The one-sample one-trial test showed that in a context where a subject tastes only one glass of water, the ability to detect correctly the presence of chlorine is independent of chlorine concentration. Even for a concentration of 0 mg/L of chlorine, around 40% of the subjects were not able to answer correctly. The experimental design of the test implies subjective answers, as subjects had no sample for comparative purposes in each trial. Such subjectivity prevents the use of this experimental design to use citizens as a source of data for chlorine flavour monitoring. Moreover, it implies the need for the development of alternative designs, namely ones that involve the use of sensors.
The different experimental design used by the Chlorine@Home test indicated that 80% of the answers provided by the subjects in a chlorine flavour evaluation were consistent with the measurements made with an easy-to-use, but not accurate, colorimetric kit. The results are different if analysed by concentration level, since the proportion of correct answers obtained for concentrations above the value provided by disinfection practices (0.2 mg/L) was around 45%. However, the Chlorine@Home test experimental design should be improved to eliminate sources of bias, particularly the fact that subjects were not true volunteers. The experimental design of this test implied no control of the samples tested by the subjects, for example concerning the range of concentrations tested and their frequencies.
The results of the Chlorine@Home test suggested that the use of sensors may be a useful tool to validate sensory data and should be explored to support training activities. The emergence of sensor networks (Estrin et al., 2003) may create new opportunities for collaborative monitoring. However, more important than that were the questions suggested by the experimental results. For example, is it worthwhile to invest in using sensors manipulated by citizens, when the sensors used, such as the colorimetric kit, have so many levels of error? Or is it more important to provide training that explores sensory data and sensory analysis? On the other hand, questions related to citizen commitment to participate and provide data on environmental variables, such as the case of chlorine flavour, still remains to be investigated.
In summary, the results of this case study suggest that more research is needed to explore ways to involve citizens while increasing data reliability. Two major issues should be further investigated: (1) The development of tools that support citizens to translate sensory data into environmental quality variables; (2) The use of sensors by citizens as tools to make sensory data more reliable. Additionally, the use of sensory information within environmental monitoring raises two major questions: (1) How to collect and record such data? (2) how to communicate such data in ways that others can use and understand them?
